The shape of a dew droplet deposited on the mirror surface of a copper plate was measured accurately using an interference microscope that employed a phase-shift technique. The microscope was constructed by adding a piezoelectric transducer to an interference microscope. A simple method that uses a conventional speaker horn and an optical fibre cable was used to depress any speckle noise. The shape of a dew droplet deposited at dew point on the plate surface with average roughness of 0.1 µm was measured with an accuracy of ±3 nm. The mass of a tiny dew droplet could be determined from the volume of its shape and was of the order of 10 −9 g. The total mass of a dew droplet deposited per unit area and the deposition velocity under a gentle wind were also obtained in a similar way. The total mass was of the order of 10 −5 g cm −2 at the beginning of deposition and the deposition velocity ranged from 1 × 10 −5 to 6 × 10 −5 g cm −2 min −1 at room temperature.
Introduction
A mirror-type dew-point hygrometer is one of the most popular instruments for humidity measurements and is used in many industrial fields. Recently, a new type of dewpoint hygrometer, called a laser dew-point hygrometer, using a laser diode and an optical fibre cable has been developed by the author [1] . The dew points were measured using this hygrometer with an accuracy of ±0.5
• C, equal to ±2% relative humidity, in the range from −15 to 54
• C in which the temperature ranged from 0 to 60
• C. The hygrometer has some advantages compared with a conventional mirror-type hygrometer. One of these is that a rough surface is used as the dew deposition surface, which makes dew deposition easier than with a mirror. Another advantage is that the quantity of deposited dews can be controlled so as to be constant at any predetermined level and independent of the dew point to be measured. However, in the hygrometer the dew quantity deposited on a gold plate is unclear owing to the very small size of the dews (of the order of several tens of micrometres). If we want to know the actual movement of the control system in the hygrometer and also to improve its performances, we must know the quantity of the dew droplets deposited to a higher level of accuracy [2, 3] . More than 80 years ago Griffiths [4] reported on the measured and estimated results of dew quantity. These quantitative values were obtained in his study from the following:
(1) mass measurement of a silver thimble of 17.4 cm 2 before and after dew deposition using a mass balance; (2) estimation using a human's normal breaths; and (3) interference fringes that appear in a film's thickness induced by breathing on a piece of platinized glass. Griffiths [4] concluded that the dew quantity at the beginning of deposition ranged from 6 × 10 −5 to 1 × 10 −4 g cm −2 as an average value over a wide deposition area. However, more detailed information about the shape or mass of dew droplets deposited in practice was not reported in his paper.
Generally, the dew deposited on a metal surface in a dewpoint hygrometer is detected from the changes in intensity of reflected or scattered light. The dew point is measured continually with the surface temperature of the metal plate using a proportional control circuit that can control the surface temperature in such a way so as to keep the quantity of the dew deposited constant. In the deposition, the shape of the dew droplet deposited is not uniform and strongly depends on the deposition surface, as can be seen by the microscopic photographs shown in figure 1. In figure 1(a) , the shapes of the droplets on the mirror surface used in the mirror-type dew-point hygrometer are spherical and maintain their shapes throughout deposition. On the other hand, in the case of a rough surface dew droplets cannot be seen clearly because the shapes are deformed by the scratches on the surface used in the laser dewpoint hygrometer (as shown in figure 1(b) ). The deposition velocity on this rough surface was about three times faster than that on the mirror surface. This will allow a faster instrument response and a higher level of measurement accuracy than with mirror-type surfaces especially at low temperatures. The final object of this study is to measure the shapes and the mass of the dew droplets deposited on the rough surface. However, it is not easy to measure the surface shapes deposited on a rough surface where the roughness of the surface is bigger than the wavelengths of the light of the optical interferometer being used. Such a method gives us dew contour lines following the optical wavelength rule and in the initial condensation of the dew, it is also quite difficult to measure the surface shapes because the size of the dew is of the order of a few micrometres and this is almost the same order as the surface roughness. A more advanced technique will be needed to accomplish such measurements.
In this study, the shape of a droplet deposited on the mirror surface of a copper plate was measured accurately by employing phase-shift interferometry as a first step.
Experimental apparatus
The experimental apparatus used is shown in figure 2 . It consists of a commercial interference microscope (Olympus OM-1), a piezoelectric transducer (PZT) with a small mirror plate to reflect the reference wave, a 10 mW He-Ne laser and a copper plate on which the dew droplets being measured are generated. An optical fibre cable 3 mm in diameter and 120 cm in length was used to transmit laser light into the interference microscope. The middle point of the cable was attached to the top of a speaker horn where the cable was shaken with a sinusoidal signal of 70 Hz and a slightly smaller amplitude in order to reduce any speckle noise in the interference fringes as shown in figure 3 [5] . As can be seen in the figure, the interference fringes caused by a slightly inclined mirror plate are difficult to see in the image due to the high level of speckle noise. The fringes emerged clearly from the speckle-noiserich image when the coherency of the laser light was reduced by shaking the fibre cable. The apparent interference fringes have almost the same level of visibility compared with those formed using a conventional method using a rotating gland diffuser to suppress the speckle noise as shown in figure 3(c) . The interference fringe images were observed and recorded using a charge-coupled device camera, a video printer and a computer with an image processing board. To generate dew droplets easily at room atmosphere, a simple device consisting of a copper plate, a thermoelectric cooler, a pipe and a small fan was used as shown schematically in figure 4 . The surface of the copper plate (5 mm in diameter and 0.3 mm in thickness) was polished to give a mirror surface with an average roughness of 0.1 µm using a chemical polish compound. A thermocouple sheet of copper-constantan was then attached to the surface so as to measure the temperature of the plate surface. The plate was attached to a thermoelectronic cooler 15 mm × 15 mm in size with a silicon paint, which had a high level of thermal conductivity so as to control the plate's surface temperature accurately. A small fan was also used to create a slow current of air over the surface so as to observe the effect of wind on the growth of the dew droplets. The wind velocity was measured at 2 mm above the plate's surface using a thermistortype anemometer.
Measurement results for the film thickness, shape and mass of a dew droplet, quantity of dew droplets and deposition velocity
In order to test apparatus performance and accuracy of measurement, the step shapes of the thin gold films deposited on the thick silver films (with thicknesses ranging from 50 to 394 nm) were measured using a phase-shift interference microscope. These results were then compared with results from a conventional multiple-beam interference microscope. One of these results is shown in figure 5 as a 3D step shape. On the surface small changes of a few nanometres in size can be seen in the figure. The measured average thickness was 390 nm which agreed well with the results of 394 nm from the multiple beam interference microscope. Both the measured values had good agreement. From these thickness measurements, it was confirmed that the accuracy of measurement of the present microscope is ±3 nm, which is approximately equal to λ/200 (λ is the wavelength of the He-Ne laser). This result means that the phase-shift interference microscope constructed here is quite adequate for measuring both thin film thickness and the shapes of dew droplets which are of the order of a few micrometres at initial deposition stage. • C at a room temperature of 23.0
• C and relative humidity of 42%.
The dew droplets were generated as follows: first, the dew point in the room was determined accurately by step-bystep control of the surface temperature of the copper plate (as shown, for example, in figure 6 ). In this figure, the surface temperature was decreased from an initial room temperature of 23.0
• C and a relative humidity of 42% to below 2 • C with a dew point of T d = 9.5
• C and kept constant. The dew droplets began to deposit on the surface just after the temperature dropped below the dew point temperature. The wind velocity on the plate surface was regulated at 0 or 0.2 m s −1 so as to measure the effect of wind velocity. The interference fringes, which were created by interference between the optical reference wave reflected by the mirror surface and the other optical wave passing through the dew droplet and reflected by the surface of the copper plate, were obtained at temperatures that were 2 and 4
• C below the dew point. Some measurements were tried at temperatures ranging from 18.4 to 32.7
• C. The result is shown in figure 7 for a dew point of 20.3
• C, a temperature of 32.7
• C, relative humidity of 48%, and no wind effects against time (from the beginning of deposition). In this figure, the straight fringes show the slight inclination of the copper plate and the height gap of the two fringes is 0.316 µm. The fringes caused by small dew droplets in the figure are circular in shape and the height difference between the two circular fringes is equal to 0.950 µm according to the refractive index of 1.333. It is seen in the figure that each interference fringe is almost circular in shape, indicating that the shape of a dew droplet is almost a hemispherical form and that the growth of the dew droplets is considerably influenced by the temperature difference between the dew point and the surface temperature of the plate. After 4 min and at a temperature difference of 4
• C the diameter of each dew droplet grew up to 20-50 µm (i.e. from the beginning of the deposition). However, at a temperature difference of 2
• C the droplets only grew by 20 µm at the most. Here, the shape of each dew droplet near the boundary area (i.e. with the copper plate surface) is unclear because it is difficult to accurately measure the heights of dew droplets here using a single interference image. Therefore, phase-shift interferometry was applied to numerically (and accurately) measure the heights of dew droplets at each position. The three-step phase-shift interferometry can measure heights accurately using numerical calculations via three interference images in which the phase value of the interference fringe in each image is changed stepwise using a PZT [6] . The three interference images with various phase-shift values were made and recorded as shown in figure 8. In the figure, I 1 , I 2 and I 3 show the interference fringes when the reference wave was added with phase values of −π/2, 0 and +π/2 rad, respectively. The phase values of any position in each droplet, which corresponds to the droplet height at that position, were obtained using conventional calculations with three interference images, I 1 , I 2 and I 3 . This is shown in the figure as a phase value image where the phase values are converted into grey levels to present the heights as image intensities. The height phase images seem to be the same as the interference images, but are in fact very different from them since they show the height distribution of a droplet with its surface shape. The changes in the cross section of a dew droplet according to its growth and disappearance process were obtained as shown in figure 9 for diameters over the small range of 17-29 µm. The interesting point in this figure is that the contact angle of a dew droplet was kept almost constant during both processes and showed an angle of 21
• which indicates the surface energy on the copper plate.
The mass of the deposited dew droplet was calculated numerically from the volume of its shape. The total volume was obtained simply by summing each small volume of the circular boards of water obtained by slicing the volume of a dew droplet with the contour line. The total mass of a dew droplet was of the order of 10 −9 g and the mass growth at a wind velocity of 0.2 m s −1 against time was obtained as shown in figure 10 . The mass increases almost linearly against time because of an increase in the surface area of the dew droplet where water vapour occurs and is supplied continually from the surrounding atmosphere due to differences in water vapour pressure at the surface temperature of the dew droplet and room temperature. In addition, the total mass of dew droplets and at temperature differences of −2 and −4
• C between the surface temperature of the copper plate and the dew point. The total mass depended strongly on time, wind velocity and the temperature differences, and was of the order of 10 −5 g cm
at the beginning of deposition, which was almost the same as the result reported by Griffiths [4] . The initial deposition velocity of the dew droplets was also obtained at the beginning of deposition from the slopes of each curve in the figure and ranged from 1 × 10 −5 to 6 × 10 −5 g cm −2 min −1 .
Conclusions
Tiny dew droplets deposited on the mirror surface of a copper plate were measured using a phase-shift interference microscope. A He-Ne laser of 10 mW and an optical fibre cable 3 mm in diameter and 120 cm in length were used as a light source and an optical guide to the microscope. The fibre cable was shaken slightly with a speaker horn to reduce any speckle noise. The shape of a dew droplet was measured and was almost hemispherical in form at the initial stages of condensation at room temperature. The mass of a dew droplet was calculated numerically from its shape volume and was of the order of 10 −9 g. The total mass per unit area of the dew droplet was of the order of 10 −5 g cm −2 at the beginning of deposition and was almost the same as that reported by Griffiths [4] . The deposition velocity was also measured and ranged from 1×10 −5 to 6×10 −5 g cm −2 min −1 under a gentle wind velocity of 0 and 0.2 m s −1 .
